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ABSTRACT 

We present an analysis of the recently discovered blue L dwarf SDSS J141624. 08+134826. 7. We 
extend the spectral coverage of its published spectrum to ~4 /im by obtaining a low-resolution L 
band spectrum with SpeX on the NASA IRTF. The spectrum exhibits a tentative weak CH4 absorp- 
tion feature at 3.3 /jm but is otherwise featureless. We derive the atmospheric parameters of SDSS 
J141624. 08+134826. 7 by comparing its 0.7—4.0 /im spectrum to the atmospheric models of Marley 
and Saumon which include the effects of both condensate cloud formation and non-equilibrium chem- 
istry due to vertical mixing and find the best fitting model has T e g=1700 K, log g=5.5 [cm s~ 2 ], 
/scd=4, and K ZZ =10 4 cm 2 s~ x . The derived effect ive temperatu re is significantly cooler than previ- 
ously estimated but we confirm the suggestion by iBowler et al.l that the peculiar spectrum of SDSS 
J141624. 08+134826. 7 is primarily a result of thin condensate clouds. In addition, we find strong ev- 
idence of vertical mixing in the atmosphere of SDSS J141624. 08+134826. 7 based on the absence of 
the deep 3.3 /im CH4 absorption band predicted by models computed in chemical equilibrium. This 
result suggests that observations of blue L dwarfs are an appealing way to quantitatively estimate the 
vigor of mixing in the atmospheres of L dwarfs because of the dramatic impact such mixing has on the 
strength of the 3.3 /im CH4 band in the emergent spectra of L dwarfs with thin condensate clouds. 
Subject headings: infrared: stars — stars: low-mass, brown dwarfs — subdwarfs — stars: individual 
(SDSS J141624.08+134826.7) 



1. INTRODUCTION 

Fie ld L dwarfs (jKirkpatrick et al.l 119991 : IKirkpatrickl 
comprise a mix of very low-mass stars and 
brown dwarfs. Although effective temperature (T e g) is 
the primary atmospheric parameter that controls their 
emergent spectra and thus their spectral type (e.g., 
IKirkpatrickl 120081 ) . secondary parameters such as sur- 
face gravity (g) and metallicity [Fe/H], as well as the 
condensate clouds properties and photospheric verti- 
cal mixing also play an important role. This is per- 
haps best illustrated by the fact that the J — K s col- 
ors of L dwarf s can vary by up t o 1 mag at a given 
spectral type ([Leggett et al.l 120021 : IKnapp et al.l 1 2004] : 
Chiu et al.ir2006t IKirkpatrickl 120081: iFahertv et aLlbooa 
Schmidt et al.ll2010b| ). Lowmetallicitv explains the out- 
liers with extreme blue J — K s colors, but the relative 
importance of variations in metallicity, surface gravity, 
condensate cloud properties, and the vigor of vertical 
mixing to the bulk of the variation remains unknown. 

L dwarfs that exhibit bluer than average colors also 
appear to exhibit peculiar spectral features including 



michael.cushing@gmail.com 

1 Visiting Astronomer at the Infrared Telescope Facility, which 
i s operated by the University of Hawai'i under cooperative 
Agreement no. NCC 5-538 with the National Aeronautics and 
Space Administration, Office of Space Science, Planetary As- 
tronomy Program. 



enha n ced FeFf, K I, and H2O absorption (iCruz et al. | 
2003 1 : IKnapp et all 12004): iChiu et all 120061: ICruz et al.l 
2007t iFoikes et al.l 120071: [Burgasser et al.ll2008al) . All of 



the secondary parameters described above, along with 
unresolved binary, have been invok e d to ex plain these 
spectral features. Burgas ser et al.l (|2008al ) performed 
a detailed analysis of the red-optical and near-infrared 
spectra of the blue L dwarf 2MASS J11263991-5003550 
(hereafter 2MASS Jl 126-50) and found that thin con- 
densate clouds provided the overall best explanation of 
its spectral properties. However, since the properties 
of the cloud model used in their analysis are encap- 
sulated in a free parameter, it is still unclear which, 
if any, of the secondary parameters is the underlying 
physical cause of thin conde nsat e clouds. Mor e recent 
work bv IFahertv et alJ (|2009f l and lSchmidt et al.l (|2010bl ) 
have shown the blue L dwarfs have kinematics consistent 
with old age, suggesting that surface gravity and/or low- 
metallicity may account for their blue colors. 

A common proper motion system consisting of 
a blue L dwarf SDSS J141 624.08+134826 7 (here- 
after SPSS J1416+13A ISchmidt et all [2010a; 
IBowler et all 120101 : iBurningham et al.l I20i0al ) and a 
blue T dwarf ULAS J1416 2 3.94+ 1 34836.3 (hereafter 
SPSS J1416+13B, IScholzl 120101: IBurningham~eTaH 
I2010U ) separated by 9" was recently discovered that 
may shed some light on the underlying atmospheric 
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Fig. 1.— Top: 0.8-4.0 /im spectrum of SDSS J1416+13A (black) ovcrplotted with the best fitting model (red) with T cff =1700 K, 
log g=5.5 [cm s — 1 ], / se d = 4, i^zz=10 4 cm 2 s _1 [1700, 5.5, 4, 10 4 ]. Lower left: Same as top panel except the model with i4" zz =0 cm 2 s -1 
is shown in blue. Note that for display purposes, the models are shown at a lower resolution. Lower right: Distribution of G values for 
the best fitting model [1700, 5.5, 4, 10 ] in red, the second best-fitting model [1800, 5.5, 4, 0] in grey, and the model with K zz .=0 cm 2 s _1 
(blue) shown in the lower left panel. 

physics of t he blue L dw ar fs. B ased on its red optical 
spectru m, iBowler et al.l (|2010D and Schmidt et al.l 
(I2010aft classify SPS S J1416+13A as a dwarf (L 6 and L5 
respectively), while [Birmingha m et all (l2010b|) classify 
it as a dwarf /subdwarf (d/s"dL7) and iKirkpatric k et al.l 
(|20T0t) classify it as a subdwarf (sdL7). The subdwarf 
classifications suggest metallicity may play a role in 
explaining the properties of the blue L dwarfs but 
the disparate spectral types only underscores the dif- 
ficultly of separating the effects of gravity, metallicity, 
and the con densate clouds p r operti es. Using model 
atmospheres iBurgasse r et al.l (|2010D found that the 
near-infrared spectrum of SDSS J1416+13B was con- 
sistent with a subsolar metallicity of [Fe/H] < —0.3 
and high surface gravity of log<7= 5.2±0.4 [cm s~ 2 ]. 
Since we can reasonably assume that SDSS J1416+13A 
and SDSS J1416+13B are coeval and have the same 
composition, this analysis provides the first concrete 
evidence that metallicity and/or surface gravity are the 
secondary parameters controlling the spectra of the blue 
L dwarfs. 

In this paper, we extended the spectral coverage of the 
spectrum of SDSS J1416+13A to 4 /im and derive its at- 
mospheric parameters by comparing its 0.7—4.0 /im spec- 



trum to the atmospheric models of Marley a nd Saumon 
(jMarlev et aL|[200a ISaumon fc Marled [20081) . We con- 
firm the suggestion of lBowler et al.l (|2010| ) that the spec- 
tral peculiarities of SDSS J1416+13A are due to a thin 
condensate cloud and find strong evidence for vertical 
mixing in the atmosphere of SDSS J1416+13A. 

2. OBSERVATIONS 

A 1.9-4.0 /im spectrum of SDSS J1416 +13A was ob- 
taine d on 2010 Jan 29 (UT) using SpeX (|Ravner et al.l 
I2003D on the 3 m NASA IRTF. We used the Long-Cross- 
Dispersed mode (LXD) with the 0'.'8 slit to obtain a spec- 
trum at a resolving power R = A/ A A s» 940. A series 
of 15 sec exposures were obtained at two positions along 
the 15" slit. We observed the AO V star HD 121996 for 
telluric correction and flux calibration purposes. All ob- 
servations were conducted at the parallactic angle even 
though slit losses and spectral slope variations due to 
differential atmospheric refraction are minimal at these 
wavelengths. Finally exposures of internal flat field and 
Ar arc lamps were obtained for fiat fielding and wave- 
length calibration. 

The data were reduced using Spe xtool, the IDL-based 
data reduction package for SpeX (Cus hing et al.l 120041) 
using standard procedures. The raw spectrum of SDSS 
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1416+13 was corrected for telluric correction and flux 
calibrated using th e observed AO V s tar and the tech- 
nique described in iVacca et al.l (|2003l ). Regions of low 
signal-to- noise (S/N) at wavelengths with strong telluric 
absorption from 2.5 to 2.9 /im and centered at 3.3 /im 
were removed and the spectrum was rebinned to 1 pixel 
per resolution element resulting in a final S/N of ~15. 

To construct a nearly complete 0.5—4.0 /im spectrum 
of SDSS J1416+13A we combined our L-band spectrum 
with previously published red-optical and near-infrared 
spectra. The LXD spec trum was scaled to m atch the 
if -band flux level of the iSchmidt et al.l ()2010afl 0.8-2.5 
/im SpeX spectrum (i?=2000, S/N=50-150) and the two 
spectra were averaged together. The red-optical SDSS 
spectrum was scaled to match the flux level of the merged 
spectrum and then averaged with the merged spectrum. 
The resulting 0.5—4.0 /im spectrum was absolutely flux 
calibrated using publis hed 2MASS photom etry and the 
technique described in iRavner et al.l ()2009f ) . 

The spectrum, which is shown in the top panel of Fig- 
ure Q] is consisten t with the L-band spectra of other 
mid-type L dwarfs (iNoll et al.l l2000t ICushing et alll2005l : 
iStephens et al.ll2009| ) in that it is relatively featureless 
at this resolution and S/N. There is a hint of absorption 
at 3.3 /xm due to the Q branch of the vj, band of CH4 
but the telluric CH4 absorption makes this identification 
tentative. 

We also computed the bolometric flux of 
SDSS J1416+13A using the flux calibrated spec- 
trum. We first extended the spectrum blueward by 
extrapolating from the end of the SDSS spectrum at 
~4000 A to zero flux at zero wavelength. Gaps in the 
spectrum were linearly interpolated over and we used 
the Spitzer Infrared Cam era (IRAC) [4.5] photometry 
(|Burningham et al"1l2010al ) and a Ray leigh- Jeans tail to 
account for the flux emitted at A > 4 /im. Integrat- 
ing over the spectrum yields /b o i=2.13±0.04 W m~ 2 
("iboi=15.19±0.02j3 where the error is generated via 
a Monte Carlo simulation that includes the errors in 
the individual spectral points, the error in the IRAC 
magnitude, and the overall absolute flux calibration 
error of the spectrum. If instead, we use the best fitting 
model identified in the next section to account for the 
flux emitted at A > 4.5 /im we find /boi=2.11±0.04 
W m~ 2 which indicates that the assumed form of the 
flux distribution longward of 4.5 /im is not a significant 
source of systematic error. This bolometric flux value 
can be used to compute the bolometric luminosity of 
SDSS J1416+13A when a precise parallax becomes 
available. 

3. ANALYSIS: ATMOSPHERIC PARAMETERS 

We compared the spect rum of SPS S J1416 +13A 
to the model sp e ctra of iMarlev et al.l (|2002l ) and 
iSaumon fc Marlevl (|2008l ) i n order to estimate i ts at- 
mospheric parameter s (see ICushing et al.l (|2008[ ) and 
IStephens et al.1 ()2009f ) for a more detailed description of 
the models). We used a grid of solar metallicitj{3 models 

2 m hol = -2.5 X log(/ bol ) - 18.988 assuming L Q = 3.86 X 10 26 
W a nd M bo i Q = +4. 74. 

3 IBurgasser eTaTI ll2010h found that SDSS J1416+13B was 
slightly metal poor at [Fe/ H|=— 0.3 and the dwarf /su bdwarf and 
subdwarf spectral types of Burningham et al. (2010b) and Kirk- 



with T eff =1000 to 2400 K in steps of 100 K, logg=4.0, 
4.5, 5.0, 5.5 [cm s~ 2 ], / sc d=l,2,3,4, 00 (no cloud), and 
. ff zz =0,10 4 cm 2 s" 1 . The sedimentation efficiency / sc d 
(|Ackerman fc M arlcv 2001) parameterizes the efficiency 
of condensate sedimentation relative to turbulent mix- 
ing. Clouds with larger values of / se( j have larger modal 
particle sizes and thus are thinner. The eddy diffusion 
coefficient K zz parameterizes the vigor of mixing in the 
radiative layers of the atmosphere and ranges from 10 2 
to 10 5 cm 2 s" 1 in the stratospheres of giant planets 
(|Saumon et al.ll2~006|) . The model spectra were smoothed 
to the spectral resolution of the data and interpolated 
onto the wavelength scale of the data. 

We identified the best fitting model spectra in the 
gri d using the goodne ss-of-fit st atistic Gk d e scribe d 
in ICushing et al.1 (120081 . see also iBowler et ail (|2009l) : 
iBurgasser etldT(l2008b[ )V We weighted each spectral 
point by its width in logarithmic wavelengths Wi = 
8 In Xi , but note that the results do not change if we give 
equal weights to all points (wi = 1). For each model fc, 
we compute the scale factor Ck=(R/d) 2 , where R and 
d are the radius and distance of the dwarf respectively, 
that minimizes Gk- The best fitting model is identified 
as having the global minimum Gk value. To estimate the 
uncertainty, we run a Monte Carlo simulation using both 
the uncertainties in the individual spectral points and 
the overall absolute flux calibration of the spectrum (see 
I Cushing et al.ll2008l : IBowler et al.l 120091 : IBurgasser et al.l 
2010). 

The best fitting model has T e ff=1700 K, log(/= 5.5 [cm 
s~ 2 ], /sed=4, and A' zz =10 4 cm 2 s" 1 , (hereafter [1700, 5.5, 
4, 10 4 ]), and is shown in the top panel of Figure [TJ over- 
plotted on the spectrum of SDSS J1416+13A. The dis- 
tribution of G values generated during the Monte Carlo 
simulation for the best-fitting model [1700, 5.5, 4, 10 ] 
and second best-fitting model with [1800, 5.5, 4, 0] are 
given in the lower right panel of Figure Q] and indicate 
that the best-fitting model is 19 a better than the second 
best-fitting model. Overall the model spectrum matches 
the data well in the 0.5—2.5 /im wavelength range but it 
fails to match the shape of the L-band. In particular, the 
model turns over at 3.8 /im while the data continue to 
rise to the limit of the observations at ~4 /im. This mis- 
match appears to be systemic (e.g.. ICushing et aLll2008l ; 
IStephens et al.ll2009T) and is probably a result of the cloud 
model not producing enough small (<1 /im) particles, 
but a nonsolar metallicity cannot be ruled out. 

The derived effective temperature of T c ff=1700 K and 
surface gravity of log <?=5.5 [cm s -2 ] are consistent with 
the val ues derived for other L dwarfs with similar spectral 
types (|Cushing et all 120081 : IStephens et~aH 12003: iTestil 
l2009f ). The effective temperature of 1700 K is, however, 
su bstantially cooler tha n the 2200 K temperature derived 
bv lBowler etaTI (120101) u sing t he AMES-dusty model at- 
mospheres (jAllard et all 120011) . The AMES-dusty mod- 
els assume that the dust grains form in chemical equi- 
librium with the gas and do not gravitational settle into 
clouds. As a result, AMES-dusty models with T off =1700 
K have extremely red near-infrared colors because of the 

Patrick et al. (submitted) suggest SDSS J1416+13A has a sub- 
solar metallicity. However nonsolar metallicity cloudy models are 
not currently available so we proceed with our analysis using only 
solar metallicity models. 
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Fig. 2. — Age and masses of the two components of SDSS J1416+13A based on the (T e g,g) der ived from the analysis of their spectra 
and an evolution sequence using cloudless atmospheres and [M/H]=— 0.3 llSaumon & Marlcv 2008). The parameters of SDSS J1416+13A 
(T eff =1700±50K, logg=5.5±0.25 [cm s" 2 ]) are from this work, those of SDSS 1416+13B (T eff =660±|? K, logg=5.2± ;| [cm s" 2 ]) arc 
from [Burgasscr ct al. (2010). Isochrones are shown with blue dotted lines and are labeled with the age in Gyr. Black solid lines show the 
cooling for brown dwarfs with masses given in Mq. Isochrones with ages greater than 4 Gyr are consistent with the parameters derived 
from both objects. 

large column of dust above the photosphere. An AMES- 
dusty model with a higher effective temperature (i.e., 
less dust) is therefore required to match the blue colors 
of SDSS J1416+13A. 

The derived surface gravity of log <?=5.5 [cm s -2 ] is not 
only at the edge of our model grid but is also somewhat 
high because at T c g= 1700 K evolutionary models restrict 
the surface gravities of brown dwarfs to be < 5.42 in the 
case of cloudless atmospheres and <5.37 in the case o f 
cloudy (/sed=2) atmospheres (jSaumon fc Marlevl 12008). 
Nevertheless we continue to report results on the grid 
points because the model atmospheres were computed 
at these valu es. The high sur f ace g ravity supports the 
suggestion of Burgasse r et al.l ([2010) that old age may 
be the underlying cause for the thin condensate clouds 
in the blue L dwarfs; however, the surface gravities of 
isolated held L dwarfs are notoriously diffic ult to measure 
precisely (± 0.25 dex. [Cushing et afll2008l ) rendering any 
connection tentative at best. 

The derived sedimentation efficiency of / S cd=4 is 
high for an L dwar f as values of 1—3 are typical 
(|Stephens et al.l [2009D . Indeed only one other L dwarf 
that has been fit with the Marley and Saumon mod- 
els has / sbH = 4: the blue L dwarf 2MASS J1126-50 



ing physical mechanism for the thin clouds. However as 
noted in §1, the analy sis of the T dwarf companion by 
iBurgasser et al.l (|2010f ) suggests that the thin condensate 
clouds may be a result of the old age and/or metal poor 
atmosphere of SDSS J1416+13A. More theoretical work 
will be required before the cloud properties can be tied di- 
rectly to th e fundamental properties such as gravity and 
meta l licitv dHelling et aJJ l2001t iWoitke fc Hel ling 2003, 
l2lMlHeIhng et al.ll2004 ; iHelling fc Woitkell2006ft . 

The derived eddy diffusion coefficient of K zz =10 4 cm 2 
s _1 is also at the edge of our model grid but does indi- 
cate the presence of vertical mixing in the atmosphere 
SDSS J1416+13A. Although it is not surprising that 
such mi xing is important in shap i ng th e spectra of L 
dwar fs dSaumon et al.l 120031. 120061 120071: ILeggett et al] 
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(Burgassc r et al.ll2008a| ) discussed in §1. Unfortunately, 
the properties of the model condensate clouds are en- 
capsulated in the free parameter / se d which is set inde- 
pendently of the fundamental parameters g and [Fe/H] 
so no conclusion can be drawn regarding the underly- 



Leggett et al.l 
J 120091: ILeggett et al] 
20101) . the impact that the non-equilibrium carbon chem- 
istry has on the 3 fim. spectral region is particularly dra- 
matic in the case of SDSS J1416+13A. The lower left 
panel of Figure [1] shows the the K and L-band spectrum 
of SDSS J1416+13A, the best fitting model with [1700, 
5.5, 4, 10 ], and a model with the same T e g, \ogg, and 
/scd, but with K zz =0 cm 2 s _1 . The model spectrum 
computed in chemical equilibrium exhibits a deep CH4 
band at 3.3 /zm and a weak CH4 band at 2.2 /im. 

As a consistency check on the derived parameters, we 
estimated a spectroscopic parallax for SDSS J1416+13A 
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using the derived scale factor Ck (jBowler et al.l I2009T) . 
We find that rf/E=11.9±0.07 pc Rj* p for the model 

with [1700, 5.5, 4, 10 4 ], assuming the (equatorial) ra - 
dius of Jupiter at 1 bar is 71492 km (iLindal et aljf l981). 
The c loudless evolutionary models of ISaumon fc Marlevi 
( pOOl give i?=0.81 R Jup for 1700 K and log 5 =5.5 
[cm s~ 2 ] resulting in a distance estimate of 9.7±0.1 pc0. 
The distance estimate is in good agreement with the par- 
allactic (9.3±3.0 pc) and spectrophotometric (8.4±1.9 
pc) distance estimates of iBowler et a . (2010]) but lies 
just at the la limits of the ISchoIzl ( 20101) par a llactic 
distance estimate of 7.9±1.7 pc and the ISchoIzl (|2010f ) 
spectrophotometric distance estimate of 8. Oil. 6 pc. The 
good agreement between our derived value and previous 
results implies that our derived atmospheric parameters 
are reasonable. 



As noted m *jl, SDSS J±4±tj+13A 1S a companion 
of the blue T dw arf SDSS J1416+13B (ISchoIzl I20T0 I : 
iBurningham et all l2010al ) and thus it is reasonable to 
assume that the objects have a similar age and com- 
position. Although we cannot test whether the metal- 
licities of the two dwarfs are consistent, we can test 
that their ages inferred from evolutionary models are 
consistent. Figure [2] shows t he cloudless evolutionary 
models with [M/H]=-0.3 from lSaumon fc Marlevi (|2008f ) 
along with the range of T e g and log g values derived 
for SDSS J1416+13A (this work) and SDSS J1416+13B 
(jBurgasser et al.ll2010|) . The uncertainty in the derived 
surface gravities translate into a large range of ages, r > 
0.8 Gyr in the case of SDSS J1416+13A and r > 3.2 Gyr 
in the case of SDSS J1416+13B, but the derived ages are 
consistent with SDSS J1416+13A and SDSS J1416+13B 
being coeval. We note that using solar metallicity evo- 
lutionary models does not significantly change this con- 
clusion. 

Finally, although there is ample evidence that vertical 
mixing is important in the atmospheres of both L and T 
dwarfs, deriving precise values of AT ZZ has proven more 
difficult. Non-equilibrium chemistry affects both the car- 
bon and nitrogen chemistry and thus the depths of the 
CH4 bands at 2.2 and 3.3 /an (and to a lesser extent at 
7.8 /im), the fundamental CO ban d at 4.7 /im, and th e 
fundamental NH3 band at 10.5 /Ltm (|Saumon et al.l l2003). 
However not all of these bands are sensitive to variations 
in the eddy diffusion coefficient A zz . The NH3 abun- 
dance is quenched in convective layers of the atmosphere 
rendering the 10.5 jjm band insensitive to variat ions of 
A zz in the radiative layers (|Saumon etaDEOOi). The 
fundamental CO band is sensitive to variations in A zz 
but only fou r ground-based s pectroscopic obseryations 
of T dwarfs ([Noll et al.lll997t lOppenheimer et al.l 119981: 
IGeballe et al.1120091) at these wavelengths have been made 
due to the difficulty observing with such a high ther- 
mal background. In the absence of spectroscopy, Spitzer 
photometry of L and T dwarfs at 4.5 /Ltm with the In- 
frared Camera ([Fazio e t al. 2004j) have provided some 
constraints on the vigor of atmospheric mixing (e.g., 
ILeggett et aT]|2007[ ). 

4 The error is derived solely from the error in Cfc and therefore 
does not include any errors in T e g and logg. 
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Fig. 3. — Comparison of the effect of non-equilibrium chemistry 
on the band strength of the fundamental CH4 band at 3.3 fim as 
a function of the sedimentation efficiency parameter / ae< j- Each 
panel shows two model spectra with T c ff=1700 K, log</=5.0 [cm 
s" 2 ], [M/H] = 0, and K zz =0 (black), 10 4 (red) cm 2 s" 1 at a fixed 
/sod • The flux density units correspond to the emergent flux at the 
top of the atmosphere. 

In contrast, L band spectroscopy is relatively easy to 
obtain from the ground making the 3.3 /xm region an 
attractive alternative to the 4.7 /im CO band. Figure 
[3] shows a sequence of model spectra with T e ff=1700 K, 
log g=5.0 [cm s- 2 ], / sed =l,2,3,4 and K zz =0, 10 4 cm 2 
s _1 . The 2—4 /im spectral region forms above the cloud 
layer so as the condensate clouds becomes thinner (/ sc d 
increases), these layers become cooler, resulting in an in- 
crease both the abundance and band strengths of CH4. 
However, when the effects of vertical mixing are included 
(-A zz > 0), the depths of the CH4 bands are weakened dra- 
matically and are nearly independent of the cloud prop- 
erties. The strong dependence of the strength of the 3.3 
/zm CH4 band on K zz in L dwarfs with thin condensate 
clouds and the relative ease of obtaining spectra at these 
wavelengths suggests that the class of blue L dwarfs are 
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the best objects with which to constrain the vigor of ver- 
tical mixing in the atmospheres of L dwarfs. 
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by NASA through the Spitzer Science Center. 
' Facilities: IRTF (SpeX) 



SDSS J141624.08+134826.7 



7 



REFERENCES 



Ackcrman, A. S., & Marley, M. S. 2001, ApJ, 556, 872 

Allard, F., Hauschildt, P. H., Alexander, D. R., Tamanai, A., & 

Schweitzer, A. 2001, ApJ, 556, 357 
Bowler, B. P., Liu, M. C, & Cushing, M. C. 2009, ApJ, 706, 1114 
Bowler, B. P., Liu, M. C, & Dupuy, T. J. 2010, ApJ, 710, 45 
Burgasser, A. J., Looper, D., & Rayner, J. T. 2010, AJ, 139, 2448 
Burgasser, A. J., Looper, D. L., Kirkpatrick, J. D., Cruz, K. L., & 

Swift, B. J. 2008a, ApJ, 674, 451 
Burgasser, A. J., Tinney, C. C, Cushing, M. C, Saumon, D., 

Marley, M. S., Bennett, C. S., & Kirkpatrick, J. D. 2008b, ApJ, 

689, L53 

Burningham, B., et al. 2010a, MNRAS, 404, 1952 
— . 2010b, MNRAS, 400 

Chiu, K., Fan, X., Leggett, S. K., Golimowski, D. A., Zheng, W., 
Geballe, T. R., Schneider, D. P., & Brinkmann, J. 2006, AJ, 
131, 2722 

Cruz, K. L., et al. 2007, AJ, 133, 439 

Cruz, K. L., Reid, I. N., Liebert, J., Kirkpatrick, J. D., & 

Lowrance, P. J. 2003, AJ, 126, 2421 
Cushing, M. C, et al. 2008, ApJ, 678, 1372 

Cushing, M. C, Rayner, J. T., & Vacca, W. D. 2005, ApJ, 623, 
1115 

Cushing, M. C, Vacca, W. D., & Rayner, J. T. 2004, PASP, 116, 
362 

Fahcrty, J. K., Burgasser, A. J., Cruz, K. L., Shara, M. M., 

Walter, F. M., & Gelino, C. R. 2009, AJ, 137, 1 
Fazio, G. G., et al. 2004, ApJS, 154, 10 

Folkes, S. L., Pinficld, D. J., Kendall, T. R., & Jones, H. R. A. 

2007, MNRAS, 378, 901 
Geballe, T. R., Saumon, D., Golimowski, D. A., Leggett, S. K., 

Marley, M. S., & Noll, K. S. 2009, ApJ, 695, 844 
Helling, C, Klein, R., Woitke, P., Nowak, U., & Sedlmayr, E. 

2004, A&A, 423, 657 
Helling, C, Oevermann, M., Luttke, M. J. H., Klein, R., & 

Sedlmayr, E. 2001, A&A, 376, 194 
Helling, C, & Woitke, P. 2006, A&A, 455, 325 
Hubeny, I., & Burrows, A. 2007, ApJ, 669, 1248 
Kirkpatrick, J. D. 2005, ARA&A, 43, 195 

Kirkpatrick, J. D. 2008, in Astronomical Society of the Pacific 
Conference Series, Vol. 384, 14th Cambridge Workshop on Cool 
Stars, Stellar Systems, and the Sun, cd. G. van Belle, 85 

Kirkpatrick, J. D., et al. 2010, ApJS, 190, 100 



— . 1999, ApJ, 519, 802 

Knapp, G. R., et al. 2004, AJ, 127, 3553 

Leggett, S. K., et al. 2010, ApJ, 710, 1627 

— . 2009, ApJ, 695, 1517 

— . 2002, ApJ, 564, 452 

Leggett, S. K., Saumon, D., Marley, M. S., Geballe, T. R., 
Golimowski, D. A., Stephens, D., & Fan, X. 2007, ApJ, 655, 
1079 

Lindal, G. F., et al. 1981, J. Geophys. Res., 86, 8721 

Marley, M. S., Seager, S., Saumon, D., Lodders, K., Ackcrman, 

A. S., Freedman, R. S., & Fan, X. 2002, ApJ, 568, 335 
Noll, K. S., Geballe, T. R., Leggett, S. K., & Marley, M. S. 2000, 

ApJ, 541, L75 

Noll, K. S., Geballe, T. R., & Marley, M. S. 1997, ApJ, 489, L87 
Oppenheimer, B. R., Kulkarni, S. R., Matthews, K., & van 

Kerkwijk, M. H. 1998, ApJ, 502, 932 
Rayner, J. T., Cushing, M. C, & Vacca, W. D. 2009, ApJS, 185, 

289 

Rayner, J. T., Toomey, D. W., Onaka, P. M., Denault, A. J., 

Stahlberger, W. E., Vacca, W. D., Cushing, M. C, & Wang, S. 

2003, PASP, 115, 362 
Saumon, D., & Marley, M. S. 2008, ApJ, 689, 1327 
Saumon, D., Marley, M. S., Cushing, M. C, Leggett, S. K., 

Roellig, T. L., Lodders, K., & Freedman, R. S. 2006, ApJ, 647, 

552 

Saumon, D., et al. 2007, ApJ, 656, 1136 

Saumon, D., Marley, M. S., Lodders, K., & Freedman, R. S. 2003, 
in IAU Symposium, Vol. 211, Brown Dwarfs, ed. E. Martin, 345 

Schmidt, S. J., West, A. A., Burgasser, A. J., Bochanski, J. J., & 
Hawley, S. L. 2010a, AJ, 139, 1045 

Schmidt, S. J., West, A. A., Hawley, S. L., & Pineda, J. S. 2010b, 
AJ, 139, 1808 

Scholz, R. 2010, A&A, 510, L8 

Stephens, D. C, et al. 2009, ApJ, 702, 154 

Testi, L. 2009, A&A, 503, 639 

Vacca, W. D., Cushing, M. C, & Rayner, J. T. 2003, PASP, 115, 
389 

Woitke, P., & Helling, C. 2003, A&A, 399, 297 
— . 2004, A&A, 414, 335 



